In the present study, the effects of cerium oxide (CeO 2 ) additive on the sinterability, microstructural, mechanical and in-vitro bioactivity properties of a commercially synthetic hydroxyapatite (HA) was investigated. HA without CeO 2 additive started to decompose at 1100 o C, but the decomposition temperature of the CeO 2 added samples decreased up to 900 o C. Decomposition rate of the sintered samples increased by increasing sintering temperature. It was about 5.8% for pure HA, and increased to 11.4% when the CeO 2 additive to HA reached to 2.5 wt%. SEM images showed that an excessive grain growth as well as microcracks occured on the surface of pure HA when it was sintered at the temperatures than that of 1100 o C. The microcracks were also observed on the surface of HA-CeO 2 composites, when they were sintered at 1300 o C. The composite of HA-0.5CeO 2 sintered at 1100 o C possess the higher fracture toughness (Kıc) (2.510 ± 0.225 MPam -1/2 ) and the higher compressive strength (152.73 ± 6.31 MPa) compared to other HA-CeO 2 composites, and its mechanical properties are higher than that of pure HA at about 2-3 times. In-vitro bioactivity test results showed that apatite layers on the surface of the samples were in the different morphologies.
I. INTRODUCTION
Owing to the ageing populations worldwide, there is a strong need for developing biomaterials for tissue engineering applications. Accordingly, hydroxyapatite (HA) is considered as the most common bioceramic which can be used extensively 296 for repairing as well as reconstructing diseased or damaged hard tissues as a result of its excellent chemical similarity with the mineral phase of bone over other biomaterials [1] . However, the advantage of the HA chemical similarity with the mineral phase of bone is outweighed by its poor mechanical properties that prevent its bulk use in orthopedic implants. It has been investigated that load resistant HA bioceramics reinforced with other second-phase ceramic materials with moderate tolerable compressive strengths powders (for instance, zirconia, titania, magnesia or alumina) [2] .
As an oxide ceramic, cerium oxide (CeO 2 ), is a promising material that has potential use in a number of applications such as high-temperature ceramics, catalysts, capacitor devices, UV blocking materials, oxygen sensor, fuel cells, and biodiesel production [3] [4] [5] [6] . Apart from these applications, because of it's excellent biological properties such as protection of primary cells from the detrimental effects of radiation therapy, prevention of retinal degeneration induced by intracellular peroxides and neuroprotection to spinal cord neurons, anti-inflammatory, it can be also used as a coating material and also an additive material to hydroxyapatite, which has derived from bovine femur bone [7] [8] [9] [10] [11] [12] . The study about the bovine derived hdroxyapatite-cerium oxide composites has the experimental datas on the density, hardness, and compressive strength of that bioceramics, depending on the sintering temperatures as well as cerium oxide ratio. However, the effect of cerium oxide additives were not investigated on the phase stability, fracture toughness, grain growth, porosity, and in-vitro bioactivity properties of commercially available hydroxyapatite in Ref [12] .
The aim of the present study was to investigate the effect of cerium oxide on a commercially available hydroxyapatite. A series of test were applied to physical and mechanical properties of sintered HA with and without cerium oxide additive. The type and amount of phases and grain size measurements were carried out using X-ray diffraction patterns and scanning electron microscope. In-vitro test were also performed to the samples having best mechanical properties.
II. EXPERIMENTAL PROCEDURE

II.1 Sample Preparation
The raw materials used in the present study were HA (Across Organics, Belgium) and CeO 2 (Sigma Aldrich, Germany) powders, and CeO 2 powder were added to HA to obtain the composites as shown in Table 1 . The composite powders were mixed by a ball milling device at 180 rpm for 2 h. The mixed powders were uniaxially pressed to prepare the pellets according to our previous study [13] . Sintering process was performed at 900 o C, 1000 o C, 1100 o C, 1200 o C, and 1300 o C for 4h. 
II.2 Microstructural Characterization
Microstructural characterization of the samples were analyzed by a Philips X'Pert XRD machine using Cu-Kα as the radiation source in the range of 2θ values between 25° and 50°. The percentage of the phases detected by XRD analysis was determined by Rietveld analysis. The changes in the surface morphology of the sintered samples were determined by FEI Sirion XL30 SEM machine. The changes in the average grain size of the sintered samples were determined by the linear intercept method.
II.3 The Determination of Physical and Mechanical Properties
While the green and sintered densities of the samples were calculated according to Equation 1, the porosity ratios were calculated using Equation 2.
(1)
Where; d is the green and/or sintered density (g/cm 3 ), m is the weight (g), v is the volume (cm 3 ), p is the porosity (%), dr is the relative density of the sintered sample.
The theoretical densities of the pelletized and sintered samples were calculated according to Equation 3, and the relative density values of the samples were calculated according to Equation 4. 
Where; d t is the theoretical density (g/cm 3 ), m t is the total weight (g), m 1 is the weight of HA in mixture (g), d 1 is the theoretical density of HA (3.156 g/cm 3 [14] ), m 2 is the weight of CeO 2 in mixture (g), d 2 is the theoretical density of CeO 2 (7.220 g/cm 3 [15] ).
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The shrinkage rate of the sintered samples were calculated using Equation 5. (5) Where; L1 and L2 are the lengths of green bodies and sintered bodies, respectively.
The micro (µ) -hardness of the samples was calculated using Equation 6 by Shimadzu HMV2 microindentor at load of 200 g for 20 s. The fracture toughness (K ıc ) of the samples were calculated by Equation 7 according to Ref [16] using load of 300 g for 10 s.
Where; HV is the vickers hardness (GPa), P is the applied load (g), and d is the diagonal indent length (mm) Kıc = 0.203(c/a) -1.5 (HV)(a) 0.5 (7) Where; a is the half diagonal of the indentation (m), c is the radial crack dimension (m) measured from the center of the indent impression, and L is the crack length (m). Compression tests were done using an universal testing machine (Devotrans FU 50kN, Turkey) under a loading rate of 2 mm.min −1 . The in-vitro bioactivity properties of the samples, which had the higher compressive strength of HA with and without CeO 2 , were determined by simulated body fluid (SBF) prepared according to Ref [17] . The apatite layers on the surface of samples immersed in SBF solutions were investigated by SEM. Figure 1 shows the XRD patterns of pure HA. The extra peak observed at 2θ angle of 31.03 was attributed to the β-TCP, when pure HA sintered at 1100 o C, and 1200 o C. At 1300 o C, α-TCP and CaO peaks were detected in addition to HA and β-TCP phases. The XRD patterns revealed that HA powder used in the present study started to decompose at 1100 o C. Table 2 summarizes the decomposition rates of HA to secondary phases. While pure HA started to decomposition at 1100 o C, the decomposition of CeO 2 started at dissimilar temperatures depending on additive ratios. The increase in sintering temperatures led to an increase in decomposition rates of HA-CeO 2 composites, as in pure HA. The decomposition in HA ceramics can be explained as following reactions [18] . Previous studies have reported that the decomposition temperatures of HA begin at different sintering temperatures between 700 o C and 1400 o C [19] [20] [21] [22] [23] [24] , depending on the production process and the water vapor in the furnace atmosphere. The pure HA used in the present study started to decompose at 1100 o C. The decomposition rate of pure HA also agreed with previous reports [25] [26] [27] . The amount of HA% phase in HA-CeO 2 composites decreased to the minimum value of 86.9% at 1300 o C, as shown in Table  2 . Although the addition of CeO 2 led to an increase in the decomposition rates of HA, it was found to be lower than that of previous studies. Figure 3 shows the SEM images of samples sintered between 1100 o C and 1300 o C. As shown in Figure 3 the samples sintered at 1100 o C showed a high amount of pores that remained between the grains. These observations corresponded to the low shrinkage and the low density of sintered samples. The SEM micrographs of pure HA sintered above 1100 o C evidence a significant grain growth. For these temperatures, the average grain sizes of pure HA were measured as 7.955±1.616 μm and 17.167±2.156 μm, respectively. The microcracks on the surface of pure HA was in transgranular form. Furthermore, microcracking was also observed on the surface of pure HA. This is related to the thermal expansion anisotropy (TEA) of the HA, which leads to the generation of thermal and residual stress fields as well as it results in contraction of individual grains from neighboring grains at different rates when the pure HA ceramics sintered using conventional sintering process. If the differences in thermal contraction rates are large enough, the induced stresses can cause microcracks [37] , when the grain size, G, of the HA exceeds, Gcr, the critical grain size [38] .As reported by Ref [39] , the critical grain size is about 0.4 µm to the formation of microcracking in HA ceramics. In the present study, no microcracking observed for the pure HA at about the average grain size of 0.473 ± 0.035 μm, which is good agreement with that paper. The microcracks were also observed to the CeO 2 added samples sintered at 1300 o C, when the grain sizes reached to 3.565 ± 0.411 μm in HA-0. 5CeO 2 , 4.114 ± 0.456 μm in HA-1.5CeO 2 and 4.283 ± 0.541 μm in HA-2.5CeO 2 , respectively. As can be seen in the results for grain size, the presence of CeO 2 inhibited the grain growth of HA particles. However, microcracks in CeO 2 added samples were found to in a shorter form than that of pure HA, and they were trapped in the grains. [43] ). Table 3 summarizes the green and relative density values of pelleted samples. It is obviously seen that the green and relative density values of the pelleted samples decreased, as the CeO 2 ratio increase. This may be related to the harder structure of CeO 2 than that of HA. Table 4 shows the physical properties of the sintered samples. . The relative density of pure HA was higher than the CeO 2 -HA composites regardless of the sintering temperature used, which is due to the low theoretical density of HA than that of CeO 2 . Taking theoretical density of HA as 3.156 g/cm 3 , the relative density of its attained to 97.087 ± 0.769% after sintering at 1300 o C, which is higher than that of the data in literature. For 300 example in Ref. [44] the authors claimed that relative density after sintering at 1300 o C was about 87%; contrary to authors of [45] who reported a relative density of ≈ 62-76% for samples sintered at 1300 o C. The higher relative density of pure HA used in the present study could be attributed to the various reasons: First is the utilization of higher pelletizing pressure in the present study. Second is the HA used in this study decomposed to secondary phases at a lower rate than that of others. Third is the lower starting particulate size of HA powder. Fourth is the difference in the sintering regime and sintering time. As reported by Ref [46] , the sintered density of the compacts increased with applied pelletizing pressure because a comparatively rapid grain growth occured. It is well-known that increase in the decomposition rates of HA leads to the decreasing in the final density because of the lower density values of the β-TCP (3.07 g/cm3 [47] ), and α-TCP (2.86 g/cm3 [48] ) phases. As reported Ref [49] that the difference in the particle sizes of the HA powders leads to the difference in the degree of packing during compaction. Even if the same pelletizing pressure applied to the HA powders derived from meleagris gallopova in our previous study [50] , the difference in the degree of packing during compaction are reflected in the relative density values of the final products. Table 4 . The hardness of ceramics is typically a function of porosity, density, relative density and average grain size [53] . The hardness increase with decreasing grain size is typically attributed to the reduced free path for dislocations in both metals and ceramics [54] . Figure 4 shows the relationship between hardness and the porosity, density, relative density and average grain size of sintered samples. The figure showed that hardness of the sintered samples increased with increasing density and relative density. Moreover, the decrease in porosity and average grain size of the sintered samples led to increasing the hardness. Figure 5 shows the SEM images of pure HA and HA-0. 5CeO 2 samples after SBF test. The surface morphology of the samples changed with the soaking time, and for 7 day of SBF immersion a layer consisted of dendritic apatitic structures on the materials could be observed. The dendritic apatite structures on the surface of pure HA were found to the more thickness after 15 days of waiting time. Hovewer, the dendritic apatite layer on the surface of HA-0.5CeO 2 composite changed to flake like layers at same waiting time. When the immersing time reached to 30 days, all of the surfaces of pure HA and HA-0.5CeO 2 composite were covered by apatite layers. The micrographs clearly exhibited that the apatite crystals has dissimilar morphologies on the surface samples.
III. RESULTS & DISCUSSION
It is obviously seen that the apatite crystals on the surface CeO 2 added sample has a thicker and smooth without drying cracks. The same structures were also imaged in a previous study [55] . The positive effect of CeO 2 on the in-vitro bioactivity of hydroxyapatite may also related to the Ca 0.
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Ce 0.7 PO 4 phase, which accelerate the increasing intracellular calcium ions (ubiquitous intracellular messenger) by activation of Ca 2+ receptor found in the membranes up-regulating signaling pathways speeding up the adhesion and proliferation of osteoblasts, as reported Ref [36] . As stated in Table 2 that HA-0.5CeO 2 composites include β-TCP phase at amount of 8.0% in addition to HA peaks. That type combination known as biphasic calcium phosphate, which has the more bioactivity property compared to pure hydroxyapatite HA HA-0. 
IV. CONCLUSION
In this research hydroxyapatite/CeO 2 composites were sintered at various temperature by pressureless sintering. X-ray diffraction and scanning electron microscopy results clearly revealed that the pure decomposed at 1100 o C, and when sintering temperatures at elevated temperatures an excessive grain growth with microcracks observed. By adding CeO 2 the grain growth was inhibited, but the decomposition temperature decreased to 900 o C depending on the increasing CeO 2 ratio. The mechanical properties of hydroxyapatite could be improved when it was doped with CeO 2 at amount of 0.5 wt%. The composite of HA/0.5CeO 2 can be used in human body, because it has enough fracture toughness, compressive strength and in-vitro bioactivity properties.
